Steryl esters (SEs) are important storage compounds in many eukaryotes and are often 17 prominent components of intracellular lipid droplets. Here we demonstrate that selected 18
accumulated under nitrogen-limiting conditions, suggesting that steryl ester formation plays a 23 crucial role for storing excess energy and carbon under adverse conditions. Rhodococcus jostii 24 RHA1 was able to synthesize phytosteryl and cholesteryl esters, the latter reaching up to 7% 25 of its cellular dry weight and 69% of its lipid droplets. Purified lipid droplets from RHA1 26 contained CEs, free cholesterol and triacylglycerols (TAGs). In addition, we found formation of 27 CEs in Mycobacterium tuberculosis when grown with cholesterol plus an additional fatty acid 28 substrate. This study provides the first evidence for steryl ester accumulation in free-living and 29 pathogenic bacteria and provides a basis for the application of non-pathogenic bacterial whole 30 cell systems in the biotechnological production of SEs for use in functional foods and 31 cosmetics. 32 33 IMPORTANCE 34
Oleaginous bacteria exhibit great potential for the production of high-value neutral lipids, such 35 as triacylglycerols and wax esters. This study describes the formation of steryl esters (SEs) as 36 neutral lipid storage compounds in sterol-degrading oleaginous bacteria, providing a basis for 37 biotechnological production of SEs using bacterial systems with potential applications in the 38 functional food, nutraceutical, and cosmetic industries. We found cholesteryl ester (CE) 39 formation in several sterol-degrading Actino-and Proteobacteria under nitrogen-limiting 40 conditions, suggesting an important role of this process in storing energy and carbon under 41 adverse conditions. In addition, Mycobacterium tuberculosis grown on cholesterol 42 accumulated CEs in the presence of an additional fatty acid substrate. Here we investigate the ability of sterol-degrading bacteria to synthesize lipid storage 118 compounds from sterol substrates under adverse growth conditions and report formation of 119 SEs as lipid storage compounds in bacteria. This significantly extents the knowledge about 120 bacterial SE formation and provides a basis for biotechnological production of SEs using 121 bacterial systems with potential applications in the functional food, nutraceutical, and cosmetic 122 industries. 123
RESULTS 125
126
Accumulation of SEs in RHA1 under nitrogen-limiting conditions 127
To investigate formation of lipid-storage compounds from sterol substrates, Rhodococcus jostii 128 RHA1 was grown in mineral medium with 1 mM cholesterol or 1 mM of a phytosterol mix, 129 containing 76.4% b-sitosterol, 10.4% b-sitostanol, 7.3% campesterol and 1% campestanol, 130 under nitrogen-limiting and nitrogen-excess conditions. In cholesterol-grown cultures, RHA1 131 reached a biomass in early stationary phase that was approximately four-fold higher under 132 nitrogen-excess than under nitrogen-limiting conditions ( Fig. 2A) . In contrast to the N-excess 133 cultures, the N-limited cultures had no residual ammonium but did have residual cholesterol. 134
Similar results were obtained during growth on the phytosterol substrate mix (not shown). Thin 135 layer chromatography (TLC) analysis of neutral lipid extracts revealed compound spots with 136 the same Rf-value as an authentic cholesterol-palmitate standard (Rf = 0.78) in N-limited 137 cholesterol and phytosterol cultures, but not in the respective N-excess cultures or in N-limited 138 or N-excess cultures grown on non-sterol substrates (Fig. 2B) . In addition, compounds with 139 similar Rf-values as an authentic tripalmitin TAG standard (Rf = 0.24) were present in extracts 140 of all N-limited cultures. Time-dependent sampling of RHA1 grown on cholesterol under N-141 excess and N-limiting conditions revealed that increased formation of the presumptive 142 cholesteryl esters coincided with the depletion of ammonium from the medium (Fig. 3A) . Under 143 N-excess conditions only minimal amounts of these compounds accumulated during 144 exponential growth and stationary phase ( Fig. 3B) . When nitrogen was replenished in an N-145 limited, stationary-phase, cholesterol-grown culture, the accumulated lipids including the 146 presumptive SEs disappeared within 72 h (Fig. 2B) . 147
To confirm the formation of CEs, we analyzed native neutral lipid extracts from strain 148 RHA1 grown with cholesterol or succinate under N-limiting conditions in early stationary phase 149 using a gas chromatography (GC)-coupled flame ionization detector (FID). Comparison to a 150 cholesteryl-palmitate (C16:0) and a cholesteryl-heptadecanoate standard (C17:0) confirmed 151 that these CEs accumulated in cholesterol-grown RHA1 cells ( Fig. 4A) , but were absent in 152 succinate-grown cells. In addition, five other compounds from cholesterol-grown cells eluted 153 close to these CEs, which were absent in succinate-grown cells, suggesting that seven CE 154 species, with different fatty acid chain lengths, are formed with cholesterol as substrate. 155
Comparison to a tripalmitate ((C16:0)3) TAG standard suggested the accumulation of up to 156 nine different TAG species in strain RHA1 grown with cholesterol and eleven different TAG 157 species in cells grown with succinate ( Fig. 4A) . Time-dependent sampling starting at the onset 158 of nitrogen depletion from the media followed by GC-FID analysis showed that the CE:TAG 159 ratio shifted from approximately 60% to 72% within the first 24 h of incubation and to 69% after 160 48 h. 161
To gain further insight into the nature of SEs accumulating in strain RHA1, neutral lipid 162 extracts of cholesterol-and phytosterol-grown cultures were fractionated on silica columns 163 producing five lipid fractions (supplemental Fig. S1 ). SEs eluted in fraction 2 and were well 164 separated from other lipids, like TAGs (Fractions 3 and 4) and free sterols (fractions 5). Aliquots 165 of fraction 2 were subjected to alkaline transesterification with methanol. GC-MS analysis 166 showed that free cholesterol or the free phytosterols (b-sitosterol, b-sitostanol, and 167 campesterol) were formed from transesterification, which were not present in untransesterified 168 extracts ( Fig. 5A-B) . Only the respective sterols provided as a growth substrate were detected 169 in this analysis. In addition, the lack of other free alcohols after transesterification confirmed 170 the absence of wax esters in neutral lipid extracts. In addition, a range of seven fatty acid 171 methyl esters (FAMEs) were detected after transesterification of cholesteryl esters, supporting 172 the results from the GC-FID analysis. Those were identified as methyl esters of C15:0, C16:1, 173 C16:0, C17:1, C17:0, C18:1 and C18:0 ( Fig. 5A) . The most abundant fatty acids were the odd-174 numbered fatty acids, C17:0, C17:1, and C15:0, which constituted more than 75% of produced 175 FAMEs ( Fig. 5C ). GC-MS analysis of transesterified fraction 2 confirmed that no detectable 176 amounts of other free alcohols indicative of wax esters were present (not shown). Analysis of 177 all neutral lipid extracts using a GC-MS method for wax-ester analysis (32) showed that no 178 detectable amounts of wax esters were present in any sample (not shown), which is in 179 agreement with earlier reports that wax esters are only formed in minimal amounts in RHA1 180 (32) . 181
This confirmed that the previously unidentified lipids accumulating in N-limited RHA1 182 cultures grown with cholesterol or phytosterols are fatty acid steryl esters. In the late stationary 183 phase (100 h) CEs accounted for 6.8 +/-1.4% of the cellular dry weight in N-limited cultures 184 (n = 5 from two independent experiments) based on GC-MS quantification. 185 186
Localization of accumulated cholesterol and CEs in RHA1 187
To confirm that accumulating neutral lipids are localized intracellularly, we stained stationary 188 phase, cholesterol-grown, washed, N-excess, and N-limited RHA1 cells with the lipophilic 189 fluorescence stain Nile Red. Microscopic analysis showed that stained lipids accumulated as 190 lipid droplets in the cell interior (supplemental Fig. S2 ) of N-limited cells but were absent from 191 N-excess cells. In addition, we incubated RHA1 with fluorescently labelled cholesterol 192 (BODIPY-cholesterol) and sodium palmitate for 48 h without a nitrogen source. Microscopic 193 analysis showed that fluorescently labelled cholesterol was mainly present within lipid droplets 194 inside the cells (supplemental Fig. S3 ) but mostly absent from cell membranes. TLC analysis 195 of neutral lipid extracts of cells with fluorescently labelled cholesterol showed that no CEs were 196 formed (not shown), which is most likely because the altered chemical structure of the labelled 197 cholesterol side chain inhibits esterification. These results confirm that cholesterol and CEs 198 are mainly stored in intracellular lipid droplets. 199
To gain further insight into the location of CEs within RHA1 cells, lipid droplets were 200 isolated from RHA1 cultures grown with cholesterol or sodium palmitate or a mixture of both 201 substrates under N-limiting conditions. With all three substrate combinations, gradient 202 centrifugation of total cell extracts produced visible bands of lipid droplet on top of the sucrose 203 gradient (supplemental Fig. S4 ). TLC analysis revealed that CEs and free cholesterol were 204 present in neutral lipid extracts of lipid droplets derived from cells grown on cholesterol but not 205 in lipid droplets derived from cells grown on palmitate alone, while TAGs were present under 206 all three conditions ( Fig. 6A) . This was confirmed by fractionation and subsequent 207 transesterification of neutral lipid extracts (not shown). In addition, the lack of other free 208 alcohols after transesterification confirmed the absence of wax esters in lipid droplets. In two 209 independent experiments 52% and 58% of lipids in lipid droplets derived from cells grown on 210 cholesterol were identified as CEs, 31% and 15% as TAGs and 17% and 27% as free 211 cholesterol. Similar results were obtained for lipid droplets derived from cells grown on 212 cholesterol plus palmitate, with 50% and 69% CEs, 35% and 23% TAGs and 15% and 8% 213 cholesterol, while TAGs were the only neutral lipids in lipid droplets derived from cells grown 214 on palmitate ( Fig. 6B) . In lipid droplets from cells grown on cholesterol, between 60% to 70% 215 of fatty acids in CEs and TAGs were odd-numbered (C15 and C17), with C17:0 and C17:1 216 making up around 90% of these fatty acids (Fig. 6C) . In lipid droplets from cells grown with 217 cholesterol plus palmitate, 23% to 55% of fatty acids were odd-numbered. TAGs of cells grown 218 on palmitate contained almost exclusively (~95%) even-numbered fatty acids. (Fig. 6C) . 219 220
Formation of SEs in other sterol-degrading bacteria 221
To test whether steryl ester formation also occurs in other sterol-degrading bacteria, we 222 extracted neutral lipids from the Actinobacteria, Mycobacterium smegmatis strain mc 2 155, 223
Mycobacterium sp. strain BC8-1, Rhodococcus opacus strain Chol-4, Rhodococcus ruber 224 strain Chol-4, and Amycolatopsis sp. strain ATCC 39116, as well as the 225 Gammaproteobacteria, Zhongshania sp. strain SB11-1A, Haliaceae sp. strain BC5-1, and the 226 BD1-7 clade bacterium strain SB11-3 grown on cholesterol under nitrogen-limiting and 227 nitrogen-excess conditions. The latter strains were isolated in our lab (23) and are among the 228 first Proteobacteria reported to be able to degrade sterols. TLC analysis indicated these strains 229 produced SEs in N-limited cultures in the stationary phase in differing amounts, with highest 230 yields in the Rhodococcus, Mycobacterium, and Zhongshania strains and lower yields in 231
Amycolatopsis, Haliaceae, and the BD1-7 clade strain (supplemental Fig. S5A ). Subsequent 232 fractionation of neutral lipid extracts followed by transesterification and GS-MS analysis 233 confirmed the formation of CEs in all strains (supplemental Fig. S5B) . 234
In addition, we tested steryl ester formation in Mycobacterium tuberculosis (Mtb) 235
Erdmann growing on cholesterol and on cholesterol plus sodium palmitate. Because Mtb did 236 not grow when sodium palmitate was added to the medium prior to inoculation we spiked 237 palmitate into cultures growing on cholesterol after 5 days. TLC analysis of neutral lipid extracts 238 of Mtb indicated the formation of small amounts of CEs in cells growing on cholesterol after 7 239 days and in cells growing on cholesterol plus palmitate after 12 and 13 days, when cells were 240 in stationary phase (supplemental Fig. S6A-B ). Subsequent fractionation of neutral lipid 241 extracts followed by transesterification and GS-MS analysis confirmed the formation of CEs 242 (supplemental Fig. S6C ). The only detectable FAME in this fraction was C16:0. Formation of 243 free hexacosanol after transesterification suggested that a C26-OH wax ester was also formed. 244
In addition, we tested whether nitric oxide (NO) stress or iron-limitation, which are known SEs are important sterol storage compounds in many eukaryotic organisms and are prominent 261 components of some eukaryotic lipid droplets. Here we demonstrate that selected sterol-262 degrading Actino-and Proteobacteria are also able to synthesize SEs and to sequester them 263 in cytoplasmic lipid droplets. We found steryl ester formation in all sterol-degrading strains 264 investigated in this study, including members of the actinobacterial genera, Rhodococcus, 265
Mycobacterium, and Amycolatopsis, as well as members of the proteobacterial Cellvibrionales 266 order, suggesting that the ability to accumulate excess sterols as an electron donor and carbon 267 source under adverse conditions plays a crucial role in sterol-degrading bacteria. This is 268 supported by findings from the 1960s, which showed that different Mycobacterium strains 269 produced steryl esters during growth with sterol substrates (30, 31). The ability of other 270 oleaginous bacteria to synthesize SEs has been overlooked in other studies, which exclusively 271 used non-steroidal substrates, such as glucose, gluconate, or benzoate, when investigating 272 neutral lipid accumulation. 273
Using Rhodococcus jostii RHA1 as an oleaginous, sterol-degrading model organism, 274
we found accumulation of minor amounts of CEs during exponential growth on cholesterol 275 when ammonium was available, and a significant increase in CE and TAG accumulation, when 276 ammonium was limiting, indicating that nitrogen-limitation stimulates SE formation. This 277 extends previous reports that nitrogen-limitation is a major inducer for the accumulation of 278 TAGs and WEs in RHA1 with non-steroidal substrates (12, 33). While we found significant 279 accumulation of CEs in the two free-living Mycobacterium strains mc 2 115 and BC8-1 under 280 nitrogen-limiting conditions with cholesterol as the only substrate, the pathogenic strain 281
Mycobacterium tuberculosis (Mtb) Erdmann did not grow on cholesterol in nitrogen-limited 282 medium. However, small amounts of cholesterol-palmitate accumulated in this strain when 283 growing on cholesterol plus palmitate as substrates without any stress conditions, 284 demonstrating that pathogenic Mtb strains are able to accumulate CEs when a sterol and a 285 fatty acid are available. During infection, Mtb triggers formation of foamy macrophages (34, 286 35), which provide a cholesterol and fatty acid-rich microenvironment, and Mtb metabolizes 287 these host-derived lipids during infection and persistence (36-38). Interestingly, cholesterol 288 and fatty acid uptake are co-regulated in Mtb (39), suggesting that Mtb has simultaneous 289 access to both lipid classes in vivo. SE synthesis and accumulation could act as a buffer 290 system for excess lipids in Mtb providing a way to regulate intracellular lipid metabolism. In 291 addition, SEs could serve as a carbon and electron donor reservoir in Mtb under adverse 292 conditions. In a similar manner, TAG accumulation and sequestration in cytoplasmic lipid 293 droplets was shown to occur in vivo in pathogenic Mtb (16, 40) and was proposed to be 294 important for persistence and reactivation (41). Accumulation of TAGs and WEs was shown to 295 be stimulated by various dormancy-inducing stress conditions, such as hypoxia, NO stress, 296 iron-limitation, and increased acidity, which induce expression of several WS/DGAT encoding 297 genes in Mtb (13, 42-44). Although we did not detect increased formation of CEs in Mtb under 298 NO stress or iron-limiting conditions, a combination of stress factors as described in (42) lipids accumulating in RHA1 with cholesterol as carbon source suggests that propionyl-CoA 319 was a significant building block for neutral-lipid fatty acids. Elevated ratios of odd-numbered to 320 even-numbered fatty acids have also been found in TAGs accumulating in RHA1 growing with 321 benzoate under nitrogen-limiting conditions, where propionyl-CoA was presumably generated 322 through the methylmalonyl-CoA pathway from succinate (12). Cholesterol-derived propionyl-323
CoA has been shown to be toxic to Mtb if not metabolized (49), and incorporation of propionyl-324
CoA into cell wall lipids (50) and TAGs (51) has been suggested as a mechanism to detoxify 325 propionate in Mtb. Cholesterol-degrading bacteria, such as RHA1 and Mtb, might encounter 326 increased cellular propionyl-CoA levels under adverse growth conditions and the formation of 327 odd-numbered fatty acid CEs might provide an additional sink for this toxic end-product. 328
However, we did not detect odd-numbered fatty acid CEs in Mtb, which accumulated CEs in 329 significant amounts only in the presence of an additional fatty acid substrate under the tested 330 conditions. 331
Sterols are abundant growth substrates for bacteria in the environment and sterol 332 degradation is conserved in many actinobacterial genera, particularly in members of the 333 Methylococcales (20). Further, it is not known whether these bacteria are able to store these 343 sterols as esters. the BD1-7 clade bacterium SB11-3 suggested that these strains encode between four and six 371 WS/DGAT paralogs, further supporting our hypothesis that these proteins might function as 372 steryl ester synthases. 373
Our results indicate that accumulated SEs can be reactivated and degraded in RHA1 374 upon relief of growth-limiting conditions, suggesting that SEs might play a vital role as a carbon 375 and energy reservoir in these environments where fluctuating nutrient availability is common. 376
We searched the genomes of strain RHA1 and of Mtb Erdmann for homologs of three 377 prokaryotic and fifteen eukaryotic proteins with characterized or predicted sterol esterase 378 activity available in the TrEMBL and Swiss-Prot databases (EC 3.1.1.13). However, none of 379 the query proteins had significant similarity (accepted coverage > 85%, percent identity > 30%, 380 E-values < 0.01) to RHA1 or Mtb proteins. Strain RHA1 encodes up to 54 putative 381 lipases/esterase enzymes (33), which were suggested to contribute to neutral lipid degradation, 382 but no distinct degradation system for endogenous TAGs or WEs has been identified so far. 383
In contrast, the lipase family protein LipY in M. tuberculosis has been shown to have TAG 384 degradation activity (55). 385
Interestingly, several animal lineages such as insects and soil-dwelling nematodes 386 have lost the ability to synthesize sterols de novo (56) and thus rely on uptake of sterols with 387 their diet (57). It is tempting to speculate that sterol and steryl ester accumulating bacteria in 388 oligotrophic habitats such as soils or freshwater systems might constitute an important source 389 for sterols for bacteriovorous, sterol-auxotrophic eukaryotes such as Caenorhabditis elegans 390 or Daphnia magna. 391 RHA1 was also able to form esters of the phytosterols b-sitosterol, b-sitostanol, and 392 campesterol under nitrogen-limiting conditions. In recent years, plant-derived phytosterols and 393 their esters were recognized as potential agents to lower serum cholesterol levels in 394 hypercholestemic patients (58, 59) by inhibiting absorption of endogenous and dietary 395 cholesterol in the intestine. Today phytosterols and phytosteryl esters are approved in many 396 countries as safe food additives, and several so-called functional foods are marketed 397 worldwide, which are supplemented with phytosterol and their esters (60). Industrial production 398 of phytosteryl esters is mainly accomplished by chemical esterification or transesterification of 399 plant-derived sterols, which requires high temperatures and the use of strong acids or bases 400 (61). Our study provides a basis for biotechnological production of phytosteryl esters using 401 non-pathogenic whole-cell bacterial systems, thus eliminating the requirement for elevated 402 temperature and acid or base catalysts. Similar to RHA1, many other sterol-degrading 403
Actinobacteria are also able to use phytosterols as growth substrates, providing an excellent 404 screening resource for efficient phytosteryl ester accumulation. 405
MATERIAL AND METHODS 407 408

Bacteria and culture conditions 409
Rhodococcus jostii strain RHA1, as well as Mycobacterium smegmatis strain mc 2 155, 410
Rhodococcus opacus strain PD630, Rhodococcus ruber strain Chol-4, and Amycolatopsis sp. 411 strain ATCC 39116 were cultivated in M9 minimal medium supplemented with trace elements 412 and vitamin B1 at 30 °C. The marine bacteria Mycobacterium strain BC8-1, Zhongshania sp. 413 strain SB11-1A, Haliaceae sp. strain BC5-1, and the BD1-7 clade bacterium strain SB11-3 414 were cultivated in artificial marine medium at 21 °C as described earlier (23). Substrates were 415 added at the following concentrations: cholesterol 1 mM, sodium palmitate 1.0 mM or 1.7 mM, 416 succinate 7.0 mM, glucose 5 mM. Starter cultures were grown on 10 mM succinate or 1 mM 417 cholesterol. Cholesterol and other sterol substrates were added as solids and 1% (w/v) methyl-418 β-cyclodextrin was added to the medium, when required, prior to autoclaving. Substrate 419 removal was monitored by gas chromatography-coupled mass spectrometry (GC-MS) of 420 organic extracts of acidified culture supernatants as described earlier (62). Nitrogen-limiting 421 conditions were achieved by reducing the concentration of ammonium chloride in the medium 422 from 18.70 mM to 0.93 mM. Under N-excess conditions the ratio of carbon to nitrogen in the 423 growth medium was around 1.5:1, while it was 29:1 under N-limiting conditions. To limit 424 nitrogen transfer between cultures, starter cultures were washed twice with phosphate-425 buffered saline (PBS) without nitrogen. Growth was measured as protein, using the 426 bicinchoninic acid assay (Thermo Scientific) after hot alkaline cell lysis. 427
Mycobacterium tuberculosis strain Erdmann (Mtb) was grown in 7H9 medium 428 supplemented with 0.5% tyloxapol and 0.5 mM cholesterol at 37 °C. If required 0.5 mM sodium 429 palmitate were spiked into growing cultures after 5 days. Growth was measured as optical 430 density at 600 nm. To test effects of nitric oxide (NO) stress and iron-limitation, cholesterol-431 grown Mtb was harvested and washed in 7H9 medium without carbon source, and cells were 432 suspended in the same medium containing 0.5 mM cholesterol and/or 0.5 mM palmitate. 0.5 433 mM of the NO releasing agent spermine-NONOate was added from a 10 mM stock in 0.01 M 434 NaOH at the beginning of the experiment and again after 16 h of incubation. Spermine was 435 added at the same concentration to control cultures. The iron chelating agent deferoxamine 436 was added at 0.5 mM from a 10 mM stock at the beginning of the experiment. 437
Biosample IDs and references to cholesterol degradation capability of all strains used 438 in this study are summarized in the supplemental Tab. S1. 439
Ammonium quantification 440
Ammonium concentrations were quantified using indophenol blue. Culture supernatant 441 samples were diluted 25-to 500-fold in distilled water and 200 µl aliquots were distributed into 442 96-well plates in triplicates. 8 µl of reagent (10% w/v phenol in ethanol), 8 µl catalyst (0.5% w/v nitroprusside in water) and 20 µl oxidizing solution (20% w/v trisodium citrate and 1% w/v 444 sodium hydroxide solution, mixed with 5% sodium hypochlorite 4:1 v/v) were added and plates 445 were incubated at 37 °C for 1-2 h in the dark. Absorbance was measured at 630 nm. 446 Ammonium concentrations were calculated using a standard curve with 0-2 mg ml -1 ammonium 447 chloride. Alternatively, semi-quantitative ammonium test strips (Quantofix®, Macherey-Nagel, 448
Germany) were used for instant ammonium quantification. 449
Lipid extraction and analysis 450
For lipid extraction, cells were harvested, washed twice with distilled water and frozen at -80 °C. 451
Mtb cells were autoclaved before freezing. Cell pellets were lyophilized and their dry weight 452 was determined by weighing the pellets. The pellets were then suspended in 1 ml distilled 453 water and broken by bead beating (four rounds of 60 sec at 4.5, 5.0, 5.5, and 6.0 speed setting, conditions with cholesterol or succinate were also analyzed using a GC-coupled flame 466 ionization detector (FID). For this, 20 ml culture aliquots were harvested, washed twice and 467 frozen at -80°C at different time points after nitrogen was depleted from the medium. Neutral 468 lipids were extracted with tert-butyl ether:methanol (10:3, v/v), followed by two extractions with 469 hexane. Combined organic extracts were dried under nitrogen and suspended in chloroform. 470
Neutral lipid extracts were analyzed by gas chromatography on an Agilent 8890 series GC 471 system equipped with a J&W Select Biodiesel GC Column (15 m, 0.32 mm, 0.10 µm), coupled 472 to a flame ionization detector (FID). GC-injector and detector temperatures were set to 350°C, 473 and 400°C, respectively. 1 µl sample volumes were injected with an initial purge flow rate of 474 50 ml min -1 , which subsequently decreased to 20 ml min -1 after 2 min, and a septum purge 475 flow rate of 3 ml min -1 . The helium flow rate was 8.0972 ml min -1 . The oven was set to an initial 476 temperature of 40°C for 2 min with an equilibration time of 0.5 min. The temperature increased 477 by 25°C min -1 and was held at 170°C for 2 min, then increased by 15°C min -1 to 210°C, then 478 by 5°C min -1 to 250°C and held for 5 min. The temperature finally increased by 10°C min -1 to 479 400°C and held for 2 min. The FID gas flow settings were set to 400 ml min -1 air flow, 30 ml 480 min -1 H2 fuel flow and 25 ml min -1 makeup flow (N2). Cholesteryl palmitate, cholesteryl 481 heptadecanoate, and tripalmitin TAG dissolved in chloroform were used as standards. CE and 482 TAG peaks were normalized with the internal standard cholestane for quantification. 483
Isolation of lipid droplets 484
Lipid droplets were isolated as previously described (63, 64) . Briefly, RHA1 cultures were 485 harvested by centrifugation (4,000 x g for 10 min), washed three times with 40 ml Buffer A (25 486 mM tricine, 250 mM sucrose, pH 7.8) and suspended in 8 ml buffer A. After incubation on ice 487 for 20 min, cells were disrupted by passing them three times through a cooled French pressure 488 cell at 100 MPa. Cell debris was removed by centrifugation at 4,000 × g for 10 min. 489 Supernatants were loaded into SW40 tubes (Beckman), layered with 2 ml Buffer B (20 mM 490 HEPES, 100 mM KCl, 2 mM MgCl2, pH 7.4), and centrifuged at 180,000 x g for 1 h at 4 °C. 491
The lipid droplet fraction on top of the sucrose gradient was transferred to a 1.5 ml Eppendorf 492 tube and was washed twice with 200 μl Buffer B and finally suspended in 1 ml buffer B. No 493 pellets were formed during washing of the lipid droplets suggesting that lipid droplets were not 494 contaminated by membrane particles. Total lipids were extracted with 5 ml chloroform-acetone 495
(1:1, v/v). The organic phase was dried under nitrogen and lipids were suspended in 1 ml 496 chloroform with 1% acetic acid. Aliquots were analyzed by TLC as described above. 497
Lipid fractionation 498
For analyzing the fatty acid profile of cellular lipids and lipid droplets, lipid extracts were 499 fractionated stepwise. Total lipid extracts derived from lipid droplets were first run over a silica 500 column equilibrated with chloroform and neutral lipid fractions were obtained by eluting with 6 501 column volumes chloroform with 1% acetic acid. Glycolipid fractions were subsequently eluted 502 with 6 column volumes acetone (not analyzed further) followed by phospholipid elution with 503 7.5 column volumes methanol. Neutral lipids from lipid droplets and cellular lipid extractions 504 were further fractionated by silica column chromatography. Neutral lipid samples were dried, 505 resuspended in hexane and poured on a silica column equilibrated with the same solvent. 5 506 different fractions were obtained by eluting sequentially with 5 column volumes hexane, 6 507 column volumes hexane/diethyl ether (99:1, v/v), 5 column volumes hexane/diethyl ether (95:5, 508 v/v), 5 column volumes hexane/diethyl ether (92:8, v/v), and 6 column volumes chloroform with 509 1% acetic acid. Fractions were dried under nitrogen and lipids were suspended in 1 ml 510 chloroform with 1% acetic acid. If required, aliquots were analyzed by TLC as described above. 511
Alkaline transesterification with methanol and lipid quantification 512
Dried cellular lipid extracts or individual lipid fractions were subjected to alkaline 513 transesterification with methanol modified after (65). For this, dried lipids were resuspended in 514 methanol/toluene (1:1, v/v), mixed with an equal volume of methanolic KOH and incubated for 515 volumes acetic acid (1 M) and 1 volume water. The organic phase was dried under nitrogen 518 and lipids were suspended in 1 ml chloroform with 1% acetic acid. Aliquots were analyzed by 519 GC-MS as described earlier for FAMEs and free cholesterol (62) and for wax esters (32). 520
Cholesterol and fatty acid methyl-esters (FAMEs) were identified by comparison to authentic 521 standards as well as matching against the NIST database (National Institute of Standards and 522 Technology, v11). To quantify total neutral lipids, unfractionated neutral lipid extracts were 523 subjected to transesterification and FAMEs were normalized on cholestane. To quantify SEs 524 in cellular lipid extracts, fractions 1 (containing the internal standard cholestane) and 2 525 (containing steryl esters) were combined prior to transesterification. This allowed normalisation 526 and quantification of free cholesterol derived from transesterification. The percentage of CEs 527 per extracted cellular dry weight was estimated by calculating the total weight of CEs from CE 528 containing fractions and dividing it by the dry weight of the respective extracted cell pellet. For 529 this, the cholesterol concentration in transesterified fractions was calculated using a 530 cholesterol-cholestane standard curve. Subsequently, this was transformed into the total 531 weight of CEs using the molecular masses of all detectable CEs weighted on the peak area 532 ratio of the respective detected FAMEs (C15:0, C16:1, C16:0, C17:1, C17:0, C18:1, C18:0). 533
To estimate ratios of neutral lipid classes in lipid droplets, cholestane and methyl-534 nonadecanoate were added as internal standards to each fraction prior to transesterification 535 from 10 mM stock solutions in chloroform. Free cholesterol (in fraction 5) and cholesterol 536 released from transesterification of fraction 2 were normalized on cholestane and FAMEs 537 derived from transesterification of CEs and TAGs were normalized on methyl-nonadecanoate 538 before calculating their molar ratios. 539
Fluorescence microscopy 540
To localize accumulating neutral lipids in strain RHA1, we added the fluorescent dye Nile Red 541 to growing cholesterol cultures under N-limiting or N-excess conditions without cyclodextrin. 542
Nile red was added to the medium after autoclaving at a final concentration of 0.5 µg ml -1 from 543 a sterile stock solution in DMSO (0.3 mg ml -1 ). Nitrogen and cholesterol depletion were 544 confirmed as described above. Cells from both cultures were examined four days after 545 reaching stationary phase. Cells were washed twice and resuspended in sterile PBS before 546 microscopy. Slides were examined on a Zeiss Axio Imager M1 fluorescence microscope 547 equipped with a Zeiss HBO 103 W/2 high-pressure mercury lamp and an AxioCam MRm 548 camera in phase contrast, differential interference contrast or fluorescence mode. 549
Fluorescence images were shot using excitation and emission wavelengths of 550 nm and 550 605 nm, respectively. All Images were processed using the Zeiss AxioVision software (40 V Ratio of even to odd numbered fatty acids
